The LED issues, associated with high cost, high junction temperature, low luminous efficiency, and low reliability, have to be solved before gaining more market penetration. With special features of low-junction-temperature and low-cost design, COP (Chip-on-Plate) LED package modules with and without phosphors are evaluated in terms of their thermal resistance and reliability under wet high temperature operation life (WHTOL) test. The WHTOL test is with the condition of 85 °C/85%RH and 350mA of forward current for 1008 hrs, specified in JESD22 Method A101-B. First of all, the thermal behaviors of the COP package module are investigated by experimental measurement, and a computational fluid dynamics approach. The reliability under WHTOL test is then carried out. The results show that all COP package modules with phosphors in the silicone encapsulant failed after 309 hrs at WHTOL test, but all those without phosphors passed for 1008 hrs. The failure sites are located at aluminum wire debonding to the chip and copper pads of the substrate. However, the aluminum wire bonding of the COP package modules are replaced to gold wire bonding, then all COP package modules with and without phosphors pass for 1008 hrs. For the passing package modules, their thermal resistances are found to increase more than two fold after 1008 hrs of the WHTOL test from 41 °C/W to 87.1 °C/W. This is due to the thermal conductivity decreasing in the die attach and thermal grease and the contact resistance increasing after the moisture absorption. Moreover, for the thermal behavior of the COP package modules under the natural and forced convections in the WHTOL test, the results show that there exists the difference of 17°C/W in the junction-to-air thermal resistances, which might result in different reliability data. In addition, it is also indicated that the junction-to-air thermal resistances are very sensitive to the flow conditions of the chamber, but not for junction-to-aluminum substrate and junction-to-heat sink thermal resistances. Therefore, the standard test of the WHTOL should specify flow conditions in the test chamber. Keywords: LED module, thermal, humidity, reliability, thermal resistance, junction temperature.
INTRODUCTION
In order to reduce the electric energy consumption for alleviating the global warming problem, the high-power Light Emitting Diode (LED), which features low power consumption, longer life time and shorter response time, has a potential to replace the conventional general lighting, such as incandescent and fluorescent lamps [1] . However, the LED issues, associated with high cost, high junction temperature, low luminous efficiency, and low reliability, have to be solved before gaining more market penetration. It is well known that high junction temperature of the LEDs would lead to reliability problems such as low quantum efficiency, wavelength shifts, short lifetime, and even catastrophic failure [2] [3] [4] . The effect of die attach properties on the junction temperature for high-power LEDs was studied by in-situ junction temperature measurement [5] . In the present study, a novel package module for highpower LED, so called COP (Chip on Plate) module, are proposed and their thermal resistances and reliability under wet high temperature operation life (WHTOL) test and thermal shock test are evaluated. The configurations of COP LED package module are shown in Fig. 1 with details of geometries and materials. The thermal behaviors of the COP package module under natural and forced convection conditions are investigated by a computational fluid dynamics approach and compared with experimental measurements. 
FUNDAMENTAL HEAT TRANSFER
The heat transfer from the high temperature spot to lowtemperature one is mainly by three ways (conduction, convection, and radiation). The heat conduction behavior happens within or between solids, while the heat convection takes place within fluids or between solid and fluid [6] . Heat conduction equation is described by： ( )
where the q is heat flow from high temperature T 1 to low temperature T 2 , the " q heat flux, the A an area of surface, the k thermal conductivity, the L a distance and the dx dT thermal gradient. Natural convection equation is shown as:
where h is convection coefficient, s T surface temperature of the solid and ∞ T ambient temperature.
For the electronic or optoelectronic packaging, the thermal resistance is one of main parameters generally used for showing the performance of heat dissipation of the packages [7] . The lower the thermal resistance is, the better the heat dissipation of the packages are. The thermal resistance is defined as ( )
where R is thermal resistance, P power dissipation, High T high temperature, and Low T low temperature. The thermal resistance can be described in term of convection coefficient (h) and the thermal conductivity (k) by
The heat flow, q, can be expressed, in terms of R and ∆T, as
The equation (7) is analogous to the Ohm's law in electric circuit, by q and ∆T corresponding to I and ∆V.
TEMPERATURE MEASUREMENTS
In the general LED chip, the relation of electrical current (I) and voltage (V) at certain temperature [8] is shown as
where
), and I s : junction's reverse saturation current. The above equation would give a linear relationship between T and V if I is relatively small. The junction temperature measurement [8, 9] used here is based on this principle by applying a small current (I=0.1mA). This linear relation can be calibrated using an oven with constant temperature and the calibration constant (β) can be determined and given as 
The pulse input current is used for measuring the junction temperature. In order to ensure that the LED reaches to the thermal steady state, the driving current was required to keep lighting the LED about 20-minute duration time. In the duty time, the measurement pulse current (I M =0.1mA) has only 1ms for generating the LED voltage drop. During the test, the different voltage (△V, voltage drop) between the initial-state voltage (V Mi ) and measurement-state (I M ) is caused by rising junction temperature. Then, the junction temperature (T j ) can be described and determined by the following equations:
where β : calibration factor, a T : air temperature,
temperature difference from the junction to air temperature,
Mi
V : voltage for initial operating current, M V : voltage for measuring current in duty time. The junction temperature tester used in this study was designed using the mentioned-above principle. There were three specimens under input powers (1.22W) were carried out and the T j were recorded individually. In addition, the thermal couples were employed to measure the surface temperatures of the aluminum substrate and heat sink.
COMPUTATIONAL FLUID DYNAMICS METHOD
CFDesign 9.0, a commercial computational fluid dynamics code, was used in this study. The 3D computational fluid dynamics model (CFD model) was employed for eliminating the assumptions and iterated calculations of the convection coefficients. The main assumptions of this model consist of the following:
(1) There is a cubic domain, with seven times the size of the LED module, surrounding the module. (2) The holes in aluminum substrate and aluminum wires are not modeled. (3) Perfect bonding is between each material interfaces. (4) The heat transfer is mainly on convections but thermal radiation is neglected. (5) There is 86% input power transferring into heat, which is uniformly distributed over the entire chip volume. Material thermal properties for LED module are listed in Table 1 . For boundary conditions (room temperature and convections), the top surface of the domain was assigned as the flow outlet with zero pressure difference, while the other five surfaces of the domain were specified by assuming room temperature of 22℃ and zero fluid velocity in the x, y and z directions. The laminar flow behavior was adopted within the domain in the steady-state analysis at initial temperature of 22
℃
. The input power of 1.22W was performed in this analysis. Table 1 Material properties for COP package module.
WHTOL TEST
In order to evaluate the thermal performance of the LED package module under the high moisture condition, the wet high temperature operation life (WHTOL) test based on JEDS22 Method A101-B [10] was carried out in this study. In the WHTOL test, LEDs were driven with a forward current of 350mA (power=1.22W) and were simultaneously subjected to 85 ℃ /85%RH moisture condition for lighting 1,008 hours. Moreover, the junction and surface temperature of LED packages were measured at the room temperature after 0, 107, 195, 309, 447, 591, 735, and 1,008 hours during the WHTOL test.
RESULTS AND DISCUSSION
For understanding the thermal behavior of the COP package module under operation condition and WHTOL test, the 3D CFDesign and experimental measurement were performed first in this study. The temperature field of the COP LED package module at room temperature and natural convection, obtained from 3D CFDesign under the power of 1.22W, is shown in Fig.  2 ., indicating that the temperatures at the chip junction, the aluminum substrate and heat sink are uniform, but not for the temperatures at silicone encapsulant due to its lower thermal conductivity coefficient. Furthermore, the temperature results at each location from 3D CFDesign and experiments, can be converted to the thermal resistances using the equation (5), shown in Fig. 3 . The results demonstrate that the thermal resistances of junction to air, junction to aluminum substrate, and junction to heat sink, obtained from 3D CFDesign and experimental data, are very consistent each other. After the validation of the 3D CFDesign model, the model can be further carried out to evaluate thermal resistance variation of the COP package module at different test condition. Two groups of COP LED package modules: one with bluelight LEDs, the other with phosphor-converted white-light LEDs have been tested in the WHTOL test. The survival number of the specimens for both groups is shown in Fig. 4 . It can be seen that all the blue-light COP package modules could pass 1008-hr duration during the test, but for all the phosphorconverted white-light COP package modules failed after 309-hr duration. Subsequently, the failure modes of these white-light COP package modules were observed and confirmed by means of a simple verification method of utilizing a small tube to press the silicone of the COP package powered by forward current to see if the failed specimens can be lighted again. When these failed white-light COP package modules can be lighted up by this method, it indicates that the failure of the white-light COP package modules were caused by aluminum wire debonding to the chip and copper pads of the substrate. These failure modes were also confirmed by microscopic observations. In general, the strength of the gold wire bonding was greater than that of the aluminum wire bonding. The two groups of COP LED package modules (without silicone): one with aluminum wire bonding, the other with gold wire bonding, were tested by wire pull test. The obtained results shown in Fig. 5 , indicate that the average maximum failure force of the COP package modules with gold wire bonding is larger than that with aluminum wire bonding by up to 3.9g. Thus, in order to further improve the reliability of the white-light COP package modules during WHTOL test, the aluminum wire bonding of the COP package modules, was replaced with gold wire bonding. All blue-and white-light COP package modules with the gold wire bonding eventually passed for 1008-hr duration as shown in In order to thoroughly understand the thermal performance of COP package modules during the WHTOL test, the junction temperatures and thermal resistances of junction to air, to aluminum substrate and to heat sink for the blue-light COP package module during the test were measured at the room temperature after each test step (for 0, 107, 195, 309, 447, 591, 735, and 1,008 hrs) as shown in Fig. 7 (a) and (b) , respectively. From the results, it can be seen that their average junction temperature increases with the time of WHTOL by up to 61.5°C after 1008 hrs. The thermal resistances for junction-to-air, junction-to-aluminum substrate and junction-to-heat sink are found to increase with the time by up to 46°C/W during WHTOL test. However, the thermal resistances went back to the original values after all the modules were baked out. That implies that their increase of the junction temperatures and thermal resistances with time during WHTOL is due to the decrease of the thermal conductivity in the die attach and thermal grease and the increase of the contact resistance after the moisture absorption.
(a) (b) Fig. 7 Variation of (a) the junction temperature and (b) thermal resistances of the blue-light COP package modules with time during WHTOL test.
For understanding the temperature variation for the COP package module under three different test conditions (25°C/natural convection, 85°C/85%RH/natural convection, and 85°C/85%RH/forced convection) in a humidity chamber for the WHTOL test, the experimental and CFDesign analyses were carried out to calculate the junction temperatures and thermal resistances for COP package module at these test conditions. The average junction temperatures and junction-to-air thermal resistances from the experiments and CFDesign were found to be fairly consistent at each condition, as shown in Fig. 8 (a) and (b). The difference of average junction temperatures between at 22°C/natural convection and 85°C/85%RH/natural convection is about 67°C which is close to 63°C (=85°C -22°C). As a result, the junction-to-air thermal resistances at both conditions are nearly the same. On the contrary, these values at the 85°C/85%RH/forced convection condition (with 1 m/s flow) are lower than those at 85°C/85%RH/natural convection condition by up to about 21°C for the average junction temperature and 17°C/W for junctionto-air thermal resistance, respectively. However, the thermal resistances of junction to aluminum substrate at both conditions are in a good agreement. The reason for this significant decrease of the thermal resistances of junction to air is that the forced convection in the chamber provides the higher the thermal convection coefficient on the surface of COP package modules. Furthermore, the thermal resistance variation for COP package modules under 85°C/85%RH/natural convection and 85°C/85%RH/forced convection (with flow velocity from 1 to 4 m/s) in the chamber is shown in Fig. 9 obtained from 3D CFDesign and experiments. The results indicate that the thermal resistances of junction to air are sensitive to the flow conditions and decrease apparently with flow velocity increasing from 1 to 4m/s. However, the thermal resistances of junction to aluminum substrate and to heat sink aren't significantly dependent on the flow conditions. As a result, during general WHTOL test, the air flow conditions in the humidity chamber would affect the variation of reliability data. Therefore, for the standard WHTOL test flow conditions in the test chamber should be specified. 
CONCLUSIONS
The thermal resistance and reliability of high-power COP LED package module was evaluated under wet high temperature operation life (WHTOL) test, specified in JESD22 Method A101-B. Before and after the WHTOL test, the thermal behaviors of the COP package module were investigated by experimental measurements, and a computational fluid dynamics (CFDesign) approach. The results show that all COP package modules with phosphors in the silicone encapsulant failed after 309 hrs at WHTOL test, but all those without phosphors passed for 1008 hrs. The failure sites were located at aluminum wire debonding to the chip and copper pads of the substrate. When the aluminum wire bonding of the COP package modules were replaced with gold wire bonding, all COP package modules with and without phosphors passed for 1008 hrs. For the passing package modules, their thermal resistances give an obvious increase by about 46 °C/W before and after 1008 hrs of the WHTOL test. The reason behind this is that the thermal conductivities for the die attach and thermal grease decrease and the contact resistance increases after the moisture absorption. Moreover, the COP package modules under the natural and forced convections in the chamber for WHTOL test have the 17°C/W difference of the junction-to-air thermal resistances, which might result in different reliability data. The results also show that the junction-to-air thermal resistances are sensitive to the flow conditions of the chamber, but not for junction-to-aluminum substrate and junction-to-heat sink thermal resistances. Therefore, the standard test of WHTOL should specify flow conditions in the test chamber.
